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Abstract Since experimental studies have shown that compos-
Results of a numerical parametric study of thite stiffened panels can exhibit substantial postbuckling

prebuckling and postbuckling response of tailoredfrength (e.g., Refs. 1 and 2), some design practices al-

composite stiffened panels with axial-shear coupling alw the skin of certain stiffened components to buckle at

presented. In the stiffened panels, axial-shear stiffindg@d levels below design ultimate load conditions.
coupling is created by rotating the stiffener orientation antfa/nes. et di.presented the resuits of an experimental
tailoring the skin laminate anisotropy. The panels aféd numerical study of postbuckled compression-loaded
loaded in axial compression and the effects of stiffenBN€IS with four I-shaped longitudinal stiffeners. In the
orientation and skin anisotropy on the panel stiffnesSXPeriments some panels supported as much as three
buckling parameters, and axial-shear coupling respontgges their initial buckling loads before failing.
are described. Results are obtained from a nonlinear In some aerospace applications, stiffened panels have
general shell finite element analysis computer code. Theen structurally tailored by introducing axial-shear stiff-
prebuckling and postbuckling responses can be affectegss coupling to control aeroelastic deformations and to
by both the stiffener orientation and skin laminat@nprove structural performance (e.g., Refs. 3 and 4).
anisotropy, and the effects are different and loabwo technigues have been applied for structural tailoring
dependent. The results help identify differenof stiffened panels. Axial-shear stiffness coupling has
mechanisms for axial-shear coupling, and show thatbeaen incorporated in metallic stiffened panels by utiliz-
load-dependent structural response can be controlledibg skewed stiffeners, i.e., stiffeners not aligned with the
selecting appropriate stiffener and skin parameters.  primary loading direction. In stiffened panels with lam-
inated composite skins, axial-shear stiffness coupling has
Introduction been generated by rotating the principal direction of

Stiffened laminated composite panels are increasini'{/h‘?tmp)_’ of the laminated skin relative to the principal
being used in structural applications. Stiffened panels ap&ding direction. Historically, efforts to create axial-
typically utilized because of their structural efficiency angnear stiffness coupling through structural tailoring have
their ability to support additional load after the skin hagPnsidered only the prebuckling response of the panels.
buckled. The use of laminated fiber-reinforced compo4: récent experimental and numerical studpnducted _
ites has increased due to their high strength-to-weight dithe present authors has reported on the effects of tai-

stiffness-to-weight ratios, and the ability to tailor laminatiring both skin laminate anisotropy and stiffener orien-

properties for specific applications. tation on the prebuckling and postbuckling response of
stiffened composite panels subjected to an end shorten-
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shear coupling. The conclusions from Ref. 5 indicate
that the mechanisms that control the axial-shear coupling P
response of the stiffened panels are the stiffener proper- X
ties (orientation and stiffness), and the skin anisotropy
(membrane stiffness coupling, and bending stiffness —> |
coupling). Configurations are considered herein which B Tu
either address each of these mechanisms independently, 0
or address combinations of the different mechanisms to
tailor the axial-shear coupling response in the prebuck-
ling and postbuckling load ranges. The geometry of the 0°
stiffened panels analyzed in the present parametric study B
is the same as the panels that were tested in Ref. 5. The
anisotropy of the skin of the test specimens was varied by
rotating a single skin laminate by an an@lequal to - X
20°, 0°, or 20 relative to the axial direction. For the <—P J
Xy
=

present parametric study, skin anisotropy is specified by
selecting skin laminates that exhibit specific types of
anisotropic stiffness coupling. The numerical models
that were verified by comparing the measured and pre-

dicted responses in Ref. 5 are used to analyze these ad(ﬁ-lg' 1 Structural parameters studied.

tional panel configurations. Nonlinear postbucklingig represented by the force coupling raigy / Py. The

analyses are conducted for applied end shortening up 9, o/ test results reported in Ref. 5 are for panels that

four t_lmes the end s_horte_nlng associated W.Ith Im.eawere fabricated from Hercules Inc. AS4-3502 graphite-
buckling of each configuration. For each configuration

that is considered, the prebuckling stiffnetf® linear epo_xy unidirectional _preimpre_gnated _tape. Nominal
buckling parameters, the postbuckled deformatiorfaMina elastic properties for this graphite-epoxy system
shape, and the prebuckling and postbuckling force-co@e given in Table 1. All components were constructed
pling response are described. The results in Refs. 5 af@m 16-ply laminates. The nominal stacking sequence
6, and the present paper represent part of a more extd@r the skin laminate wap+45/%45/0,/90] . . Each
sive study that was documented in detail in Ref. 7. test panel had this stacking sequence, with ﬁ1e entire lam-
inate rotated an angfeequal to -20, 0°, or 20 relative

to the axial direction. The stiffener was an I-stiffener
with all sections made with at45/0/90}¢ laminate.

In the experimental and numerical study described iPhotographs of a typical test panel and stiffener cross-
Ref. 5, the structural configuration studied consisted of @ection are shown in Fig. 2. The test specimens have a
rectangular graphite-epoxy laminated panel with a singlgangth of 24.0 inches and a width of 16.5 inches. On each
centrally-located I-shaped graphite-epoxy stiffener. Ax-gnq of the panel, 1.5 inches of the length of the panel is

ial-shear stiffness coupling was introduced by rotatingencased in a potting material. On the unloaded sides,

the orientation of the stiffener, the principal direction of . . :

. knife-edge supports are applied 0.25 inches from the
orthotropy of the skin, or both. The structural parameters . .
varied in the study are shown in Fig. 1. The stiffener ori-edge of the panel. Five panels were fabricated and test-
entation is represented by the argland the orientation ed. The stiffener and skin configurations for these panels
of the principal direction of orthotropy of the skin lami-
nate is represented by the an@leA uniform end-short-

ening displacement is applied to the upper end of the

Test Specimens and Summary of Results fReh 5

Table 1 Typical material properties: Hercules AS4-
3502 graphite-epoxy tape

panel in the axial, ax, direction, and the axial displace- E; 20.9 Msi
ment of the lower end is restrained. The upper and lower .
ends are clamped and the lateral displacement associated E2 1.578 Msi
with shear, represented by v, is constrained. The unload- Gio 0.886 Msi
ed sides are simply supported. The axial compressive

force corresponding to the applied end-shortening is rep- V12 0.297
resented by, and the shear force reaction generated by Vi 0.660
the axial-shear stiffness coupling is representef .
The amount of axial-shear stiffness coupling in the panel Loly 0.00490 in.

2
American Institute of Aeronautics and Astronautics



o - silener sl m

=0 =20
(a) Panel B0,0 (b) Panel BO,2

a=20 a=20 a=20
=0 =20 B=-20
(c) Panel B2,0 (d) Panel B2,2 (e) Panel B2,n2

Fig. 2 Typical test panel for experiments reported

in Ref. 5. Fig. 3 Test panel configurations studied in Ref. 5.
For the panel identification convention
are shown in Fig. 3. Each configuration is represented (Bx,y), x represents the anglé&X andy
by a schematic which indicates the stiffener and skin ori- represents the angleB, where 0, 2, and n2
entations. In Ref. 5, buckling parameters, prebuckling indicate 0°, 20° and -20°, respectively.
and postbuckling stiffnesses, and force-coupling versus
end-shortening results from the experiments are com- — Numerical Predictions
pared to predicted responses obtained from nonlinear fi- yj ¢ " B Test Results 4. BZ 2
15[

nite element analyses conducted using the STAGS
(STructural Analysis of General Shells) structural analy-

sis codé® It was observed that the axial-shear coupling

response of the panels was significantly altered by rotat{P,,/P,), %
ing the stiffener and/or rotating the principal direction of

orthotropy of the skin, and that the response was load de-

pendent.

The measured and predicted force-coupling results BO.O
that were shown in Ref. 5 for the five panels that were ‘ ’

tested have been reproduced in Fig. 4. In Fig. 4, the end 0
displacemenu is normalized by the end displacement

ug, , associated with linear buckling of the configuration Fig. 4 Predicted and measured force-coupling
with the stiffener and skin unrotated, i.e., panel BO,0. response for experiments reported

The predicted force-coupling results in Fig. 4 support the previously in Ref. 5.

following observations:

» The force-coupling response of the configuration
with the stiffener and skin unrotated is approxi-
mately zero for all load ranges.

B2,0

1 2
u/ ug,

e The force-coupling response is increased if the skin
is rotated in the same direction as the stiffener rota-
tion (the range of the response is 7.84% to 14.17%,
compared to 4.97% to 12.15% for the case with the

» The configuration with the unrotated stiffener and stiffener rotated and the unrotated skin). Rotating
the skin rotated exhibits axial-shear stiffness cou- the skin in the opposite direction of the stiffener rota-

pling .due' to skin anigotropy. The amount of force tion decreases the force-coupling response (the range
coupling is constant in the prebuckling load range, of the response is 2.57% to 10.24%)
and decreases in the postbuckling load range (i.e., ' | '

decreases from 2.54% to 1.69%). In addition, good correlation between the experimental
»  The configuration with the stiffener rotated and the and predlcted panel stlffnesses and buckling parameters

due to the skewed stiffener. The amount of force ment models and indicated that similar finite element

coupling is constant in prebuckling, and increases inmodels could be used with confidence to predict the
the postbuckling load range (i.e., increases from  response of additional panel configurations that were
4.97% to 12.15%). not tested.
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Numerical Model

. u =u end displacement
Finite element models were developed for each panel v=0 P

configuration and analyzed with the STAGS (STructural

Analysis of General Shells) structural analysis dbde.

The finite element models were developed to be consis-

tent with the details of the test specimens. A typical

model is shown in Fig. 5 and has 4364 active degrees of
freedom. The panel’s full length (including the length of

the sections that would be potted for a test) was modeled.

To predict accurately the postbuckling behavior of the

panels, each section of the stiffener cross-section was
modeled using plate elemeftShe attachment flanges | . ith
of the stiffener were modeled as eccentric plate elementls‘Ines wit
. . aut-of-plane
joined to the skin elements. The plate element used Waaisplacement
the STAGS 410 displacement-based four-node quadri- .
lateral shell elemeftwith three translational and three constrained
rotational degrees of freedom per node. The thicker lines \1
around the edges of the model in Fig. 5 indicate lines

along which the displacement normal to the panel sur-

face was constrained to reflect the support that would be

provided by the potting and the knife-edge supports for a

test specimen. The bottom edge of the model was fully

constrained. The model was loaded by specifying a uni-

form u displacement on the top edge. The net axial and ] o
shear loadsP, andP,,, were determined by summing F19- 5 Typical finite element model.

the reactions. Linear bifurcation buckling analyses wer«%he axial stiffness, ie. theEA of the

conducted to determine the effect of structural tailoring _ . .
and boundary conditions on the linear prebuckling el £45/F45/0,/90]; graphite-epoxy laminate, the alu-

sponse and the buckling response. Nonlinear postbucwmum skin thickness is set to 0.0771 in. The axial stiff-

. . ness of the graphite-epoxy stiffener is matched by an
ling analyses were conducted to determine how the "~ . . . : .

. ; aluminum stiffener with the same stiffener dimensions as
responses changed in the postbuckling load range

Eigenvectors from the linear bifurcation buckling analy-shown n Fig. 2 and component thicknesses equal to
AU o 0.0678 in.

ses were used to prescribe initial geometric imperfec-

tions that provide a smooth transition from prebuckling

to stable postbuckling equilibrium. Numerical Results

Stiffener and Bnel Properties Effect of Stifener Orientation

The composite panels considered herein are con- Three all-aluminum panel configurations are ana-
structed from the same graphite-epoxy material that wayzed that utilize the skin and stiffener dimensions previ-
used for the test specimens in Ref. 5. The compositeusly described. The panels, identified as Al-BO, Al-B1,
stiffeners, which were shown in Fig. 2, are constructeénd Al-B2, designate all-aluminum panel configurations
from [+45/0/9Q],, laminates and have 0° graphite-ep-with the stiffener rotated 0°, 10°, and 20°, respectively.
oxy material filling the triangular-shaped voids at the topThe prebuckling stiffnesses for these panels are 16,630;
and bottom of the stiffener web. To examine indepeni6,530; and 16,270 kips, respectively. The reduction in
dently the effect of the stiffener orientation and stiffnessaxial stiffness that occurs when the stiffener is rotated re-
on the axial-shear coupling response of the stiffened paffiects the fact that the stiffener axis is not aligned with the
els, panel configurations are also considered which argrinciple loading direction. The linear buckling loads of
constructed entirely from 2024 aluminum alloy (E = 10.5the three panels are 8.25, 7.70, and 6.48 kips, respective-
Msi, v = 0.33).The isotropic material is selected to elim- ly. Thus, rotating the stiffener by 10° and 20° causes re-
inate any suspicions that the computed responses fductions in the buckling load of 7% and 21%,
these panels are related in any way to material anisotroespectively, relative to the panel with the unrotated stiff-
py. The first configurations that are considered are sizedner. The reduction in buckling load that occurs when
to have the same axial stiffness as panel B0,0. To matc¢he stiffener is rotated is partially associated with the re-
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@) Al-BO (b) \ Al-B1 (©) \AI-BZ

Fig. 6 Postbuckling shapes of all-aluminum panels with the stiffener rotated 0°, 10°, and 20°.

duction in the load supported in the stiffener, but is mostEffect of Stifness of Stifiener

ly due to the increase in the width of the skin sections that The effect of the stiffness of the stiffener on the axial-
is introduced when the stiffener is rotated. Contour plotshear coupling response of the panels with skewed stiff-

of the out-of-plane displacement in the skin ateners is examined by considering all-aluminum panels
u/ulin = 4 are shown in Fig. 6. The contour plots in With the thickness of the stiffener components doubled to

Fig. 6 indicate that for the all-aluminum panels, the post9-1356 in., while keeping the skin thickness equal to

buckling deformations have three axial half-waves whe-0771 in. The panels, identified as Al-C1 and Al-C2,

. : . _designate all-aluminum panel configurations with the
the stiffener is unrotate_d and rotated 10°, and two axi ore-rigid stiffener rotated 10°, and 20°, respectively.
half-waves when the stiffener is rotated 20°. The forcetpe prebuckling stiffnesses for panels Al-C1 and Al-C2
coupling versus end-shortening responses for these pagre 19,430; and 18,820 kips, respectively. The linear
els are shown in Fig. 7. The force coupling for panel Al-buckling loads of the panels are 9.88, and 8.15 kips, re-
BO is zero, as expected. When the stiffener is rotategpectively. Contour plots of the out-of-plane displace-
10°, the force-coupling response (iRy/Py) is 2.63%in ~ mentin the skin an/ uf =4 areshowninFig. 8. The
the prebuckling load range, and increases to 7.33% in tfntour plots in Fig. 8 show that the panels with more-

. . r}ggid stiffeners have postbuckling deformations with a
postbuckling load range. The force-coupling response %igher number of half-waves in the axial direction, and
panel Al-B2 varies from 4.95% ;

o t0 11.77% and is VeYsmaller out-of-plane deformations in the skin-stiffener
similar to the response for panel B2,0 (where the forcgiachment region. The change in the deformation shape
coupling increased from 4.97% to 12.15%). could strongly influence failure by skin-stiffener separa-
tion. The force-coupling versus end-shortening respons-
es for panels Al-B1, Al-B2, AI-C1, and AI-C2 are
compared in Fig. 9. The more-rigid stiffener causes the
15F \ force-coupling response to be higher, compared to the re-

sponse for the original stiffener, over the entire range of
p_ 10p Al-B2 loading. The force-coupling response increases from
. \ 4.71% to 8.57% for panel Al-C1, and from 8.90% to

17.00% for panel Al-C2.

OF < u Variations in Brce-coupling Response in the Posth
0 I 2 3 4 ling Load Range for &els with a Rotated Sier
u/uﬂ? The force-coupling responses of the all-aluminum
panels with a rotated stiffener all demonstrate the same
Fig. 7 Force-coupling response of all-aluminum general behavior. In all cases with a rotated stiffener, the
panels with stiffener rotated 0°, 10°, and 20°. force coupling is constant in the prebuckling load range
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X ] i L i I'J- ik
(@) m Al-C1 (b) \ Al-C2 @ | | A-w2 () | % | Al-wdw2
\ .
Fig. 8 Postbuckling shapes of all-aluminum panels  Fig. 10 Postbuckling shapes of all-aluminum panels
with more-rigid stiffener rotated 10° and with the rotated stiffener replaced with out-
20°. of-plane displacement constraints.

ments are constrained in the skin along a line where the
stiffener was. Panel Al-w2 is created by eliminating the

15k P stiffener from panel Al-B2, and setting thedisplace-
L Al-C2 ment equal to zero for the nodes in the skin that were
10l D - \ originally under the stiffener web. Constraining the
Pyy T // — _’\Al-B displacement along a line simulates the out-of-plane sup-
FX' -] '\ port that a stiffener with a somewhat flexible cross sec-
(%) ___ tion might provide. Panel Al-wdw2 is created to be
0 Al-C1 similar to panel Al-w2, but ther displacement and the
5 L 5 L '4A|'Bl out-of-plane rotationdRuandRy, are constrained along
u/ ulin the same line to simulate the support which a more-rigid

stiffener would supply. Thus, these models simulate the
out-of-plane support that a stiffener would supply, with-

Fig. 9 Force-coupling response of all-aluminum out including the inplane stiffness of the stiffener. Con-
gﬁ‘f?grl]se‘r"”th original and more-rigid tour plots of the out-of-plane displacement in the skin at

u/ulin = 4 are shown for panels Al-w2, and Al-wdw?2
and increases nonlinearly in the postbuckling load rangér.1 Fig. 10. The contour plots shown in Figs. 10(a) and
0(b) closely resemble the contour plots for panels Al-

This increase in the force-coupling response in the pos 32 and Al-C2, shown in Figs. 6(c) and 8(b), respectively.

buckling load range was also opserved in the EXPeTlyy o force-coupling versus end-shortening responses for
ments for the composite panels with the rotated stlffene(rjé

. anels Al-B2, Al-w2, and Al-wdw2 are compared in
reported in Ref. 5. The contour plots of the out-of-plan P

L . . . Fig. 11. The force-coupling responses for panels Al-w2
deformation indicate that the deformations in the skin-, 4 A|l.wdw2 are zero in the prebuckling load range, and

stiffener attachment region are small, and that rotating, rease to 4.71% and 6.07%, respectively, in the post-
the stiffener causes the deformations in the postbuckleg|,cjing load range. These results indicate similar in-
skin to be skewed, particularly in the regions of the skinreases in the force-coupling responses for panels Al-B2,
that are directly adjacent to the stiffener. Since the defoia|.w2 and Al-wdw2, and support the postulate that the
mations of the stiffener are small, the stiffener contribuincrease in the force-coupling response that is observed
tion to the response is expected to be linear over thgfter skin buckling in panels with a rotated stiffener is
entire range of loading. It is postulated that the increasgue largely to the skewed deformations of the postbuck-
in force-coupling response is related to the nonlinear reed skin.

sponse and skewed deformations of the postbuckled The issue of how skewness in the postbuckling defor-
skin. To assess independently the effect of the skewadlation of the skin causes force coupling is now consid-
deformation state in the skin on the axial-shear couplingred. In the unstiffened panels with displacement
response, two cases are considered in which the rotatednstraints considered above, the shear Rgds sim-
stiffeners are eliminated, and the out-of-plane displaceply the integral of the shear stress resultggacross the
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Fig. 12 Skewness in the out-of-plane displacements

Fig. 11 Force-coupling responses of all-aluminum of the skin at panel midlength.

panel with original stiffener, and panels with

the stiffener replaced with out-of-plane . . .
displacement constraints. values of force couplin@,,/P,, it follows that rotating

the stiffener by a negative angle creates negative values
width of the panel. The panels are made of isotropic maof force coupling. In regards to thenlinearincrease in
terial, soA;gandAygare zero, and the shear stress resultforce coupling after skin buckling, it is informative to ex-
antN,y is given by amine the behavior of the forcegandP, independent-
— o ly. For example, consider the force-coupling response
ny - A66yxy ' (1)

) ) for panel Al-B2 that was shown in Fig. 7. The individual
whereA;; are the laminate membrane stiffnesses fromg e component$, andP.

. o i \y Versus end shortening re-
cAassmal lamination theor, If Py is to be nonzero, sponses for this panel are shown in Figs. 13(a) and 13(b),
then

respectively. The forces and end shortening are normal-
J’ygydy;: 0o . 2) ized by .the linear buc!<|ing paramete(r@,()'cir“ m\tjp! ,
respectively. The axial force versus end-shortening re-
sponse shown in Fig. 13(a) displays a reduction in slope
o _ 0Ug N ov, L WOV 3 at the buckling load, indicating a reduction in axial stiff-
Yxy = dy ox [oxO0py0 - ness that is typical of buckled stiffened panels. The re-

Skewness of the postbuckled shape affects the distribgPONSe curve is nearly biIine_ar,. with  additional
reductions in stiffness as the loading increases. When

tion of @w/0x)(Ow/dy). For example, consider the con- RO ) i .
tours of the skin out-of-plane displacements shown i 4.0ug the panef’'s axial stifiness is approximately 50%

Figs. 6(a) and 6(b). Enlarged views of the contour plot§)f its prebuc.kling axial stiffness. The_ shear forge Versus
at the midlength of panels Al-BO and Al-B1 are shown_end-short.enlng response shov_vn in Fig. 13(b) displays an
in Figs. 12(a) and 12(b), respectively. The deformatiod'¢r¢as€ In slope at the buck!mg load, and the response
in panel AI-BO is not skewed an@wiox)(@w/dy) = 0  CUrVe appears to be exactly bilinear. The force-coupling
across the entire width at the panel midlength. At cros§SPonse that has beer_1 used throughout.thls study was
sections above and below the midlength of panel AI-BOdeﬁned on page 2 of this paper as _the ratio 9f the shear
(OWIOX)(@wIdy) has nonzero values, but the integral Offorce to the axial force. This definition prowdes a se-
(Ow/dx)(Owidy) across the width of the panel is equal toS2Nt-tyPe measure of the response at a given value of end
zero. The displacement contours for panel Al-B1 are$,horten|ng, but does n_otdlrectlylndlcate the incremental
skewed due to the support of the rotated stiffener. Th angent) local behavior of the response. The secant

uantit WX (Owdy) at the panel midlenath is orce-coupling responsBX)/PX, and the tangent force-
d Y Ow0X)( Y) P g goupling responsAP, /AP, are computed for panel Al-

approximately equal to zero on the left and right sides o XY | :
the panel, but less than zero in the middle of the panel??2 and compared in Fig. 13(c). Structural designers may

This distribution of @w/dx)(@w/dy) creates a shear be more interest_ed in the tgngent _force coupling if they
strain that does not integrate to zero, and thus, the pan%rle concerned with controlling the incremental response
shear loadP...is nonzero of a structure as it is subjected to incremental loads. As
The resu{ts presented in the previous paragraph hayadicated in Fig. 13(c), the tangential force-coupling re-
shown that rotating the stiffener can create a force-couzPONSE can vary significantly when the skin buckles.

pling response that is constant in the prebuckling load o

range, and increases nonlinearly in the postbuckling loakffect of SkinAnisotropy

range. While the results have shown that rotating the To examine the effect of the skin anisotropy on the
stiffener by a positive angle, i.e,> 0, creates positive axial-shear coupling response of the stiffened panels,

If von Karman nonlinear plate theory is appIi‘(then
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Fig. 13 Force coupling for panel Al-B2: individual force components and secant versus tangent force coupling.

panel configurations are considered which have an unro- Dyg Dag
tated stiffener. The panels are assumed to be constructed Y =~ 52 0= —"=% ., (6
entirely from Hercules, Inc. AS4-3502 graphite-epoxy (D11D2) (D11D2,)

unidirectional preimpregnated tape, with the materiadefined by Nemeth in Ref. 11. Results are subsequently
properties in Table 2 applied. The stiffener definition forpresented for four different skin laminates. All of the
these panels is the same as for the panels that were testgkin laminates are 16-ply-thick symmetric laminates.
i.e., a graphite-epoxy stiffener wifr45/0/90),, lam- The laminates have two 0° plies, two 90° plies, and the
inates and the cross section shown in Fig. 2. remaining twelve plies are a combination of -30° and

For the panel configurations that were tested ir30° plies. The anisotropy of the laminates is altered by

Ref. 5, a nominal skin laminate construction was speciréPlacing -30° plies with 30°plies, and by changing the

fied, and the entire laminate was rotated relative to théminate stacking sequence. The stacking sequences for
principal loading direction. Rotating a laminate typically (€ Selected laminates and values of the parameters
modifies the membrane and bending stifinesses. Th¥hich reflect their various degrees of anisotropy are
skin constructions that are considered in the presefisted in Table 2. The skin laminate ‘c’ has minimal
study are not specified and then rotated, but rather a@SOtropy, and serves as a benchmark configuration.
prescribed exactly to isolate specific membrane andt@Minate ‘d”has a higher number of 30° plies to create
bending stiffness coupling terms. A few parameters arf'émbrane stiffness coupling, yet has a stacking
useful to quantify the degree of anisotropy in a laminateS€duénce which minimizes the bending stiffness cou-
The amount of membrane stiffness coupling is reflecte®!ing- For laminate ‘d’, ng, , is negative, indicating a
by the value of the equivalent membrane coefficient oft€9ative membrane stifiness coupling. Laminate ‘e’ has

mutual influenceng, ,, , defined as zero _memk_)rane stiffnes_s coupling, but h_as large negative
' bending stiffness coupling, as reflected in Table 2 by the
o _ B negative value ofn/, , . Laminate ‘f’ includes both
r]xy, X~ 5 : (4) i ’ i i i -
a;, negative membrane and negative bending stiffness cou

ling.
The amount of bending stiffness coupling is reflected b)? 'Iqhe panels, identified as BOc, BOd, BOe, and BOf

the value of the equivalent flexural coefficient of m“t“aldesignate panel configurations with the unrotated stiff-
i f 1 . . .
influenceny,,  , defined as ener, and skin laminates ‘c’, ‘d’, ‘e’, and ‘f', respective-

dyg ly. The prebuckling stiffnesses for these panels are

r1xfy,>< = a. ) 17,250; 16,290; 17,250; and 16,290 kips, respectively.

1 The linear buckling loads are 7.04, 6.37, 6.02, and 5.69

and the values of the anisotropic parameters, kips, respectively. Thus, the reductions in buckling load
8
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Table 2 Laminates with Various Types of Anisotropy

Skin ID. Lay-up Ny, x Nyly, x Y o
c [+30/90/ 30/ O/ ¥3(Q, 0.00 -0.03 0.02 0.01
d [-30/ 90/ 30,/ 0/ 303]5 -0.76 0.03 0.01 0.01
e [305/90/0/—-30;] s 0.00 -1.06 0.45 0.25
f [30,/90/30,/0/-30] R -0.76 -1.30 0.56 0.31

due to skin membrane stiffness coupling, bending stiff-,
ness coupling, and combined membrane and bendini o =
stiffness coupling, are 9%, 14%, and 19%, respectively; [

relative to the benchmark panel with minimal anisotropy. | L :
The reductions in the buckling load that occur when the' === 7 : e T
skin laminate is highly anisotropic are consistent with the =ik
findings reported in Refs. 11 and 12. Contour plots of

the out-of-plane displacement in the skinaufi? = 4 |=m=mrs! ' me | g0 [EEE o e
are shown in Fig. 14. Panel BOc has the most symmetri firE—= e
deformation shape. The membrane stiffness coupling ir | =il $ e
panel BOd causes the skin to buckle under combinec, —— =
compression and shear. The shear load causes slig(a) Panel BOc, (b) Panel BOd,

skewing of the deformation pattern for panel BOd. Bend- [£30/90/ %30/ 0/ ¥ 3Q [-30/90/30,/0/ 305
ing stiffness coupling in panels BOe and BOf causes the

skin deformations to have substantial skewing, but in the
opposite direction of the skewing shown for panel BOd.
The force-coupling versus end-shortening response|
for these panels are shown in Fig. 15. The force coupling|r==-e. " 1ot e
for panel BOc is approximately zero, as expected. Thepii == - A
negative membrane stiffness coupling in panel BOd pro- -
duces a force-coupling response that is 12.00% in the— =" e
prebuckling load range, and decreases to 6.05% in thr i
postbuckling load range. The negative bending stiffness .
coupling in panel BOe does not produce any force cou- R i

S

pling until the skin buckles, and then the force coupling k i i e L
increases to 2.88% in the postbuckling load range. Pane(c) Panel BOe, (d) Panel BOf,
BOf has the same membrane stiffness coupling as pane[30;/90/0/-30;] [30,/90/30,/0/-30]

BOd, and thus has an equal amount of force coupling in
the prebuckling response. The force-coupling responsd-ig. 14 Postbuckling shapes of panels with the

of panel BOf reduces after the skin buckles, but the neg- unrotated stiffener and anisotropic skins.

ative bending stiffness coupling causes the reduction in

force coupling to be less for panel BOf than it was for 15}

panel BOd. The force-coupling response for panel BOf o

ranges from 12.01% to 9.50%, and resembles the sum of 10} e \/BOf

the responses for panels BOd and BOe. Pry T~ .-BO0d
The axial-shear coupling response for panel BOf de-  Px "5l -

scribed above is very significant. This panel has nega- (%) ... .....«BOe

tive membrane stiffness coupling and negative bending ol <—80c

stiffness coupling, each of which creates a positive con- | | L !

tribution to the force-coupling response. Negative mem-
brane stiffness coupling becomes less effective in

creating force coupling, i.e., the force-coupling responserig. 15 Force-coupling response of panels with the
decreases, after the skin buckles. In contrast, negative unrotated stiffener and anisotropic skins.

u/ uin
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bending stiffness coupling becomes more effective irthe results for rotated stiffeners previously, it was ex-
creating force coupling, i.e., the force-coupling responselained how skewing of the skin deformations can in-
increases, after the skin buckles. By applying botltrease the force-coupling response in the postbuckling
mechanisms, negative membrane stiffness coupling angad range. In contrast, results have shown that negative
negative bending stiffness coupling, in the same panemembrane stiffness coupling in the skin creates a force-
the loss in effectiveness of one mechanism is offset igoupling response that is uniform in the prebuckling load
part by the increase in effectiveness of the second meCPange and reduces nonlinearly after skin buckling. To
anism, and the net effect is that the force-coupling reayp|ain this behavior, additional details of the force-cou-

sponse is more uniform over the entire range of Ioadingp”ng response for panel BOd are shown in Fig. 16. The
The membrane and bending stiffness terms, as defined jRqividual force components?, and P,., versus end-
"X

Ref. 10, can be tailored somewhat independently. The, o ening responses for panel BOd »

b {iff i t a simol are shown in Figs.
membrane stfiness e_rmﬁ, represent a simple summa- 16(a) and 16(b), respectively. The axial force versus
tion of lamina properties that is independent ofzte

cation of each lamina. In contrast, the bending stiffnesgnd_Shortenlng response shown in Fig. 16(a) displays the

termsD;; are defined such that the contribution of eachyplcal reducthn in slope ?t the bupklmg '."f”‘d' The re-
lamina toD;; is weighted by the square of théocation sponse curve is nearly bilinear, with additional reduc-

of the lamina. Therefore, it is possible to prescribe th(IJIons in stiffiness occurring as the load increases. The

percentage of lamina in specific orientations to tailor theN€ar force versus erghortening response shown in
Aj terms, and then adjust tedocations of the lamina by Fig. 16(b) displays a sharp decrease in slope at the buck-

specifying the stacking sequence to tailor Efjeterms. ling _Ioad. Thi_s decrease in slope strongly contrasts with
In panel BOf, the number of 30°plies is greater than thdhe increase in slope of the shear force response for the
number of -30° plies to provide negative membrane stiffPanel with a rotated stiffener, shown in Fig. 13(b). The
ness coupling, and the -30° plies are located at the migecant force-coupling responsk,/Py, and tangent
plane of the laminate, while the 30° plies a located closdPrce-coupling response)P, /AP,, are compared in
to the upper and lower surface of the laminate, to provid&ig. 16(c). The large reduction in the tangential force-
negative bending stiffness coupling. coupling response after skin buckling occurs reflects the
very low slope of the shear force response curve and rep-
Variations in Brce-coupling Response in the Posth resents a substantial change in the behavior of the incre-
ling Load Range for &hels with SkirAnisotropy mental response of the panel. The reduction in shear
In the results shown in the previous paragraph, negdatiffness reported above resembles the results presented
tive bending stifiness coupling was responsible for inby Steirt on the postbuckling response of unstiffened
creases in force coupling after skin buckling. Bendingplates in combined compression and shear. Stein ob-
stiffness coupling causes skewing of the skin deformaserved that plates buckled in compression can display
tions, as was shown in Fig. 14(c), and when presentingery large reductions in shear stiffness.

3 —
PX
PIEF
1+
O 1 1 1 ]
0 1 2 3 4
u/ uin
(a) Axial force vs. end shortening Force 15
0.4 EZO)UpIing, 10 \ Py
% ™ , (secant
P, 03 \\ / P, ( )
. 5_
(PXICIP 0.2 \¥ﬂ7¥‘5ﬁ AP
0.1 oL S X (tangent)
O 1 1 1 1 APX
0 1 2 3 4 0 1 2 3 4
u/ ulin u/ ulin
(b) Shear force vs. end shortening (c) Axial-shear force coupling vs. end shortening

Fig. 16 Force coupling for panel BOd: individual force components and secant versus tangent force coupling.
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The results presented in the previous paragraph hawehen the stiffener is rotated, the panel with negative
shown that anisotropy in the skin laminate creates aembrane stiffness coupling of the skin laminate has a
force-coupling response that is constant in the prebuckinear buckling load that is 12% greater than, and the
ling load range. After the skin buckles, the force coupanel with positive membrane stiffness coupling has a
pling due to negative membrane stiffness couplinginear buckling load that is 18% less than, the buckling
decreases, while the force coupling due to negative benghaqd of the benchmark configuration with minimal
ing stiffness coupling increases. While laminates WerRnjisotropy in the skin. The panels with skin laminates
cqnsidered which preated positive vaI_ues of_force_ COUWyith negative and positive bending stifiness coupling
pling Py/P,, changing the sign of the fiber orientations g4y decreases in the buckling load of 24% and 4%, re-

gf tzgse Ife]}?inates W?UId re\(/jerse the membranle arﬁ)ectively. Contour plots of the out-of-plane displace-
ending stiffness couplings and create negative values Qi . v the skin ati/ uin = 4 are shown in Fig. 17.

force coupling.

Panel configurations have been considered which as-
sess the effect of either skewed stiffeners or anisotropic
skins on the force-coupling response. The results for . — 4
these panels indicate that the amount of force coupling, 30!° IO =

and the behavior of the response in the postbuckling load
range, is dependent upon which mechanism is employed | _
to create stiffness coupling. Additional cases are subse- 90° =

guently considered which combine the mechanisms to o
tailor the axial-shear coupling response in the prebuck- —
ling and postbuckling load ranges.

Effects of Combining Sdwed Stifeners and (a) Panel B2c,
Anisotropic Skins [+30/790/ %30/ 0/ ¥ 30,

Panel configurations which have the stiffener rotatec
20° and have skin laminates with membrane and bendin [
stiffness coupling are considered in this section. The| -~}
original graphite-epoxy stiffener definition shown in ==
Fig. 2 was used for these panels. Results are present JHl
below for five skin laminates. Three of the laminates are|/ ="
laminates ‘c’, ‘d’, and ‘e’, which were defined in the pre- )
ceding section. The stacking sequences for these lam e
nates were shown previously in Table 2. Two additiona S
laminates, designated as laminates ‘dr’ and ‘er’, are pre

scribed by changing the sign of the fiber orientations of 4

laminates ‘d’ and ‘e’, respectively, to change the signs of (b) Panel B2d, (c) Panel B2dr,

the stiffness couplings of the laminates. Laminate ‘dr’ [-30790/30,/0/30,]  [30/90/-30,/0/-30]
has a stacking sequence [#0/ 90/-30,/0/-30;]; , ¥ Y r s

and has large positive membrane stiffness coupling any._
minimal bending stiffness coupling. Laminate ‘er’ has a | ri——_ -~ e -
stacking sequence $+30,/90/0/30;]; , and has large || = =
positive bending stiffness coupling and minimal mem- /.. 1 e SRV
brane stiffness coupling. | ';j_'. ! iy
The panels, identified as B2c, B2d, B2dr, B2e, and . o=

B2er designate panel configurations with the stiffener ro- = '
tated 20° and skin laminates ‘c’, ‘d’, ‘dr’, ‘e’, and ‘er’, re- W o—
spectively. Of these five panels, panel B2c is considere : 1
to be the benchmark configuration since skin ‘c’ ha:.'(d) Panel B2e. 1(e) Sano] BZe.r,.

minimal anisotropy. The prebuckling stiffnesses for _ _
these panels are 16,880; 15,960; 15,860; 16,880; an[3o3/90/0/ 304 [-30,79070730;]

16,880 kips, respectively. The linear buckling loads arefig. 17 Postbuckling shapes of panels with the
5.44,6.07, 4.45, 4.14, and 5.22 kips, respectively. Thus, stiffener rotated 20° and anisotropic skins.

11
American Institute of Aeronautics and Astronautics



The force-coupling versus end-shortening responsesner and negative membrane stiffness coupling, and has
for these panels are shown in Fig. 18. The force-coua force-coupling response that is 12.00% in the prebuck-
pling responses for the panels that combine a rotatdiahg load range, but decreases to 6.05% in the postbuck-
stiffener and anisotropic skin are shown in separate ploitng load range. When the rotated stiffener and negative
so that they can be compared to the force-coupling renembrane stiffness coupling are combined in panel B2d,
sponses that are obtained when the rotated stiffener aitcappears as if the responses of panels B2c and BOd are
anisotropic skins were applied separately. For examplesuperimposed. The prebuckling responses add to give a
the force-coupling response for panel B2d is compared tlarger response, and the increasing and decreasing re-
the force-coupling responses for panels B2c and BOd isponses after buckling partially offset each other. The
Fig. 18(a). Panel B2c, which has the stiffener rotated 20fet affect is that panel B2d has a large force-coupling re-
and negligible anisotropy, has a force-coupling responsgponse that varies by a small amount over the entire load
that is 4.81% in the prebuckling load range, and increasange. The force-coupling response for panel B2d is
es t0 12.29% in the postbuckling load range. Panel B0d,7.48% before buckling, and increases to 19.42% in the
considered in the previous section, has an unrotated stifpostbuckling load range.

20 20—
_/——
RBZd
15F pec 15 B2c
101~ 10~
P 1 e P 1 NB2d
XY (0 XY (0 r
Px ’(/0) o Px 1 (A)) (0]
-5 -5
-10 -101-
(BOd negated)
_15 | | | | _15 | | | |
0 1 2 3 4 0 1 2 3 4

i
u/ udn

(a) Rotated stiffener and negative
membrane stiffness coupling

20
15k B2e

10r NB2c

5 BO

p \
Xy

P o) |

x

51

KN
(@)
|

-15 | | | |

i
u/ udn

(c) Rotated stiffener and negative
bending stiffness coupling

u/ ulin

(b) Rotated stiffener and positive
membrane stiffness coupling

20r-
15 BZc\‘
10

S—ﬂE;er

-51- 'V(BOe negated)

N
(@]
|

-15 | | | |

i
u/ ugn

(d) Rotated stiffener and positive
bending stiffness coupling

Fig. 18 Force-coupling response of panels which combine a rotated stiffener and anisotropic skins.
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(a) Axial force vs. end shortening (b) Shear force vs. end shortening

Fig. 19 Individual force components for panel B2d.

The results for the case which combines a rotatetuckling load range. When the rotated stiffener and
stiffener with a skin laminate with positive membranenegative bending stiffness coupling are combined in pan-
stiffness coupling are presented in Fig. 18(b). If an analel B2e, it appears as if the responses of panels B2c and
ysis were conducted with an unrotated stiffener and skiBOe are superimposed. Comparing the results for panels
laminate ‘dr’, then the force-coupling response would béB2c and B2e shows that the negative bending stiffness
equal to the ‘BOd negated’ response shown in Fig. 18(broupling in panel B2e does not affect the force-coupling
The ‘BOd negated’ response is negative before bucklingesponse before buckling occurs, but it does increase the
and becomes less negative, i.e., increases, after skiorce-coupling response in the postbuckling load range.
buckling. When the rotated stiffener and positive mem-The force-coupling response for panel B2e is 4.81% be-
brane stiffness coupling are combined in panel B2dr, ifore buckling, and increases to 14.40% in the postbuck-
appears as if the responses of panels B2c and ‘BOd negéihg load range.
ed’ are superimposed. The prebuckling responses par- The results for the case which combines a rotated
tially offset each other, and the increasing responses aftstiffener with a skin laminate with positive bending stiff-
buckling are additive. The net effect is that panel B2dhess coupling are presented in Fig. 18(d). If an analysis
has a force-coupling response that is -7.28% beforgere conducted with an unrotated stiffener and skin lam-
buckling, and increases to 4.74% in the postbucklingnate ‘er’, then the force-coupling response would be
load range. The individual force componerg,and equal to the ‘BOe negated’ response shown in Fig. 2(d).
Pyy, Versus end shortening responses for panel B2dr aihen the rotated stiffener and positive membrane stiff-
shown in Figs. 19(a) and 19(b), respectively. The axiahess coupling are combined in panel B2er, the positive
force versus end shortening response shown in Fig. 19(bgnding stiffness coupling does not affect the force-cou-
is typical of all of the panels. The shear force versus engling response before buckling occurs, but it does reduce
shortening response shown in Fig. 19(b) is unique in thahe amount of increase in the force-coupling response in
it has a negative slope during the initial loading and ahe postbuckling load range. The force-coupling re-
positive slope after the skin buckles. The incrementagponse for panel B2er is 4.81% before buckling, and in-
shear force is positive immediately after the skin buckereases to 9.30% in the postbuckling load range.
les, while the net shear force on the panel does not be-
come positive until the load increases further into the Summary of Cases Considered
postbuckling load range. The force-coupling response of

panel B2dr, shown in Fig. 18(b), becomes positive when The panel description, prebuckling stiffnes, the

D linear buckling parameters(P,)!in in nd th
the shear forc®,, becomes positive. gp (Puer and; , and the

force-coupling responseRy/P,), in the prebuckling and
The results for the case which combines a rotategostbuckling load ranges, are summarized in Table 3 for
stiffener with a skin laminate with negative bending stiff- each stiffened panel configuration that was considered in
ness coupling are presented in Fig. 18(c). Panel BO#&e current study. The force-coupling response in the
considered in the previous section, has an unrotated stifpostbuckling load range is defined aB,(P,) at
ener and negative bending stiffness coupling, and haswa= 4.0ug,. In Table 3, the panels are listed by their pan-
force-coupling response that is equal to zero in the preel identification code, or ‘I.D.” The stiffener cross sec-
buckling load range, but increases to 2.88% in the postion of each panel is identified by code. Cross sections
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Table 3 Summary of Parametric Study

Stiffener Linear Buckling Pyy/ Pxs (%)
1.D. Skin EA . .
Cross | o Laminate (kip) | (Pl | ylin Pre- | Post-
Section | (deg) (kip) (mil) | buckle | buckle
Al-BO | AI-B 0 Al-2024,t=0.0771in. 16,630 8.25 11.90 0.000 0.000
Al-B1 Al-B 10 Al-2024,t=0.0771 in. 16,530 7.70 11.17 2.63 7.33
Al-B2 Al-B 20 Al-2024,t=0.0771 in. 16,270 6.48 9.56 4.95 11.77
Al-C1 Al-C 10 Al-2024,t=0.0771 in. 19,430 9.88 12.21 4.71 8.57
Al-C2 Al-C 20 Al-2024,t=0.0771 in. 18,820 8.15 10.39 8.90 17.00
BO,0 B 0 [+45/F45 G/ 90] 16,650 7.71 11.12 0.000 0.080
BO,2 B [65/-25,/65/20,/-70] 15,950 6.95 10.46 2.54 1.69
B2,0 B 20 [+45/F45 0/ 90] S 16,270 5.72 8.44 4.97 12.15
B2,2 B 20 [65/-25,/65/20,/-70] 15,580 5.62 8.66 7.84 14.17
B2,n2 B 20 [25/-65,/25/-20,/70] 15,550 5.22 8.06 2.57 10.24
BOc B 0 [£30/90/ %30/ 0/ ¥3( 4 17,250 7.04 9.79 0.00( 0.08p
BOd B 0 [-30/90/30,/0/ 305] 16,290 6.37 9.38 12.0( 6.05
BOe B 0 [305/90/0/-305] 17,250 6.02 8.37 0.000 2.88
BOf B 0 [30;/90/30,/0/-30 16,300 5.69 8.38 12.00 9.50
B2c B 0 [£30/90/F30/ O/ ¥3( 16,880 5.44 7.73 4.81 12.29
B2d B 20 [-30/90/30,/0/ 305 15,960 6.07 9.13 17.48 19.42
B2dr B 20 [307907-30,/0/-305] 15,860 4.45 6.73 -7.28 4.74
B2e B 20 [305/90/0/-305] 16,880 4.14 5.89 4.81 14.40
B2er B 20 [-305/90/0/305] 16,880 5.22 7.42 4.81 9.3(
‘Al-B” and ‘Al-C’ refer to the nominal and more-rigid Concluding Remarks

aluminum stiffeners, respectively. Cross section ‘B’ re-
fers to the nominal graphite-epoxy stiffener that was The results of a numerical parametric study of the po-
used for all of the composite panels. The all-aluminuntential for tailoring the prebuckling and postbuckling re-
panels are listed first in Table 3, followed by the com-sponse of stiffened composite panels with axial-shear
posite panels that were tested, and then the additionatiffness coupling have been presented. Specific config-
composite panels that were discussed in the present pgations are considered which independently assess and
per. characterize the effects of stiffener orientation, stiffener
stiffness, skin membrane stiffness coupling, and skin
bending stiffness coupling, on a stiffened panel's axial-
shear coupling response. The results help identify differ-
ent mechanisms for axial-shear coupling that produce a
wide range of load-dependent structural responses.
These results provide insight into the effects of tailoring
the stiffener components as well as the skin anisotropy of
stiffened composite panels to obtain unique structural re-
sponses that may not possible with metallic panels or
with unstiffened composite panels.
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